Gradients between intracellular and extracellular ion concentrations are the basis for electrical signaling in the nervous system by means of transmembrane ion currents (Hille 2001; Somjen 2002) . Because ion currents reflect net ion flux across the cell membrane, these concentration gradients would rapidly degrade in the absence of mechanisms to maintain intra-and extracellular ion concentrations. Although the central nervous system is endowed with powerful ion concentration homeostasis mechanisms, ion concentrations do not assume constant values in the living brain. Rather, they change over time in an activity-dependent manner and therefore are dynamic variables. Aberrant ion concentration homeostasis has been linked to a variety of severe neurological conditions that include epilepsy, stroke, hypoxic encephalopathy, and migraines (Hille 2001; Somjen 2002 
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As even minor fluctuations result in measurable changes in the K + equilibrium potential and therefore K + currents (Box 1), we focus on extracellular potassium concentration [K + ] o . Because K + currents play an essential role in controlling neuronal excitability, it was initially hypothesized that [K + ] o elevations are the cause of epileptiform activity (Green 1964; Fertziger and Ranck 1970 ] o did not reach levels that depolarized neurons sufficiently to prevent them from firing action potentials (see below; also, e.g., Somjen 1979) . As a consequence, interest in [K + ] o dynamics and their role in epilepsy waned.
Recently, however, an increasing number of studies on the pathophysiology of tissue from both animal epilepsy models and human epileptic patients have strongly implicated impairment of [K + ] o homeostasis apparatus in a variety of epilepsies with different etiologies. These more recent results thus are in apparent conflict with the previous conclusion that denied [ ] o is not a parameter with a fixed value but rather a dynamic variable (Singer and Lux 1975; Connors and others 1979) . Substantial [K + ] o fluctuations were also found in the cat suprasylvian cortex during slow oscillations under ketamine-xylazine anesthesia (Fig. 1B) (Skinner and Molnar 1983) . The interpretation of these results, however, is hampered by the fact that KSMs are sensitive to even very low concentrations of neurotransmitters and neuromodulators (Kuramoto and Haber 1981) . Neurochemical changes in the awake animal in response to the stimuli used in that study (e.g ] o changed more substantially but never rose above a "ceiling value" of about 12 mM in the absence of spreading depression in the adult animal (Heinemann and Lux 1977 (Walker 1971; Vyskocil and Kriz 1972; Neher and Lux 1973) , often in combination with measurements of neural activity (e.g., with an extracellular recording electrode). KSMs are usually double-barreled glass electrodes. One barrel is filled with a column of potassium-selective ion exchanger and backfilled with KCl. The other barrel is filled with NaCl. The K + -dependent potential is determined by differential amplification of the signals from the two barrels. Half-max rise-time constants were measured to be smaller than 20 msec for a K + source 10 μm away from the KSM According to the so-called potassium accumulation hypothesis (Green 1964; Fertziger and Ranck 1970) (Moody and others 1974; Sypert and Ward 1974; Heinemann and Lux 1977 (Moody and others 1974; Sypert and Ward 1974) , as shown in Figure 1C ] o further accumulates. As a result, neurons become even more depolarized, fire more action potentials, and release even more K + ions into the extracellular space. Eventually, these run-away dynamics (positive feedback) come to an end when the neurons are so depolarized that they can no longer spike due to sodium channel inactivation. At this point, the seizure terminates. Although the potassium accumulation hypothesis had originally been rejected, more recent computational studies of ion concentrations during seizures have provided more refined models that are partially based on such positive feedback dynamics. Also see text. generation have been reconsidered in the light of methodological concerns and novel insights from computational models (Somjen 2004; Frohlich and others 2007) .
Ionic Models of Epilepsy in Vitro
With the advent of the in vitro preparation, brain slices perfused with artificial cerebrospinal fluid (ACSF) mimicking the ionic composition as measured in vivo during seizures have become an important model system for the study of hypersynchronous activation ("ionic models"). Although observations of in vitro "interictal" and "ictal" activity in ionic models do not represent a proof for a causal role of ionic disbalance in epileptogenesis, they show that changes of the extracellular ionic microenvironment are sufficient for network hyperactivation. Specifically, elevation of K + concentration in the ACSF to 7.5 or 8.5 mM was sufficient to trigger both periodic network activation ("interictal spikes") and in some cases events resembling electrographic seizures with a "tonic" firing and "clonic" bursting phase in the hippocampus (Korn and others 1987; Traynelis and Dingledine 1988; Jensen and Yaari 1997 ] o is clearly sufficient to trigger synchronized oscillatory activity at various frequencies in the hippocampal networks in vitro. Nevertheless, it has remained mostly unclear how the observed epileptiform dynamics correspond to the in vivo situation. This limitation is of heightened concern when the activity-dependent changes of ion concentrations are studied, because it is unknown how the presence of a practically infinite K + source/sink in the form of the perfused ACSF affects the ion concentration dynamics. Clearly, ion concentrations are not tightly controlled by the perfusion, as activity-dependent [K + ] o fluctuations are routinely measured in vitro. Therefore, the interpretation of the above-described findings as absolute levels of ionic concentrations required for initiation of epileptiform activity is difficult to justify in their direct application to the in vivo situation. Although elevated [K + ] o and decreased [Ca 2+ ] o are most certainly useful models of the ionic microenvironment during epileptic seizures, manipulations such as the omission of magnesium in the ACSF or the pharmacological blockade of inhibition are more difficult to interpret in terms of their applicability in vivo.
Effects of [K + +

] o on Neural Activity
The slice preparation provides a relatively controlled environment to study the dependence of intrinsic and synaptic properties on [ ] o from postsynaptic cell firing modulate fiber recruitment and action potential propagation in the presynaptic Schaffer collaterals in the hippocampus CA1 (Poolos and others 1987) . This effect was first described in the cerebellum (Malenka and others 1981; Kocsis and others 1983 ] o increased the GABAergic conductance due to inward rectification of the GABA(A) receptor channels (Jensen and others 1993) .
Because KCC2 provides a key link between [K + ] o and fast synaptic inhibition, it is particularly interesting that deficient KCC2 expression has been related to different types of cortical hyperactivity. For example, depolarizing GABA(A) currents were found in human epileptic tissue from the subiculum (Cohen and others 2002) and associated with reduced or absent KCC2 expression in subicular pyramidal cells (Palma and others 2006; Huberfeld and others 2007; Munoz and others 2007) . Also, impaired KCC2-dependent Cl -extrusion ability was found in epileptic tissue in a model of injury-induced epileptogenesis (Jin and others 2005) . Sustained activity in hippocampal slices down-regulated KCC2 expression level by endogenous brain-derived neurotrophic factor action on tyrosine receptor kinase B (TrkB) (Rivera and (Kofuji and Newman 2004) . Although the relative individual contributions are not fully known for the cortex, it is clear that transporters (Na + /K + ATPase, KCC2, and NKCC) on both neurons and astrocytes (Kofuji and Newman 2004) , passive uptake through inward-rectifying potassium (Kir) channels on astrocytes (Butt and Kalsi 2006) , and diffusion in the extracellular space Fisher and others 1976; Nicholson and others 2000) contribute to extracellular potassium homeostasis. ] o homeostasis into its individual components has been hampered by the fact that activity levels are usually not controlled for, by the lack of specificity of the applied pharmacology, and by the technical pitfalls concerning selectivity of KSMs.
Despite the experimental difficulties listed above, alterations of the potassium homeostasis apparatus represent an appealing hypothesis for explaining the pathophysiology of epilepsy given the role of [K + ] o in regulating excitability (Pollen and Trachtenberg 1970) . Although early measurements in artificially induced glial scarring remained inconclusive (Heinemann and Dietzel 1984) , there is now accumulating evidence for glial dysfunction in epileptic tissue from patients with temporal lobe epilepsies (Binder and Steinhauser 2006) . Density and inward rectification of potassium current through glial Kir channel are reduced in patients with temporal lobe epilepsy accompanied by Ammon's horn sclerosis Schroder and others 2000) , as shown in Figure 2A . This finding is in agreement with previous, less direct studies that showed that barium, a Kir channel antagonist, had a reduced effect on [K + ] o dynamics in slices from pilocarpine-treated rats and epileptic patients with sclerosis (Gabriel and others 1998; Kivi and others 2000; Jauch and others 2002).
The Tsc1 GFAP CKO mouse model of tuberous sclerosis complex (TSC), a genetic disorder associated with multiple seizure types, was found to exhibit reduced Kir channel expression and accordingly decreased Kir current amplitudes in astrocytes (Jansen and others 2005) , as shown in Figure 2B . Decreased glial Kir channel expression and reduced potassium buffering capacity were also found in an animal model of blood-brain barrier disruption (Ivens and others 2007) , as illustrated in Figure 2C . 
Understanding Potassium Dynamics
The Whisler and Johnston 1978 for a pioneering exception) and therefore avoided the complexity of feedback dynamics (e.g., Vern and others 1977; Gardner-Medwin 1983; Odette and Newman 1988; Dietzel and others 1989) . Although the conclusions in these studies were not uniform, these models contributed to the important insight that mechanisms different from diffusion must also be involved in [K + ] o regulation (see discussion above). Nevertheless, the exact role of K + diffusion is not yet fully clear. For example, in vitro experiments suggest that K + diffusion can synchronize otherwise unconnected neural populations (e.g., Lian and others 2001) . Models of neuronal coupling via K + transients in the absence of synaptic transmission (Lebovitz 1996; Park and Durand 2006) support the relevance of extracellular spatial structure. Compartmentalization of the extracellular space and inhomogeneity of potassium channel localization may require more detailed modeling of microenvironments with explicit consideration of electrodiffusion (Qian and Sejnowski 1990) .
More recent models include the feedback between neural activity and [ ] i at the time scale of individual burst as the underlying mechanism of these self-sustained "clonic" discharges because the model did not include ion channels mediating intrinsic bursting. In the case of enhanced inward currents in the dendrites, self-sustained prolonged depolarization ("spreading-depression-like") occurred after a critical [K + ] o level ("ignition point") was reached. The key insight from this model was that the interaction dynamics between ion concentrations and neural activity can lead to selfsustained pathological neural activation even in the case of an isolated cell (in this case, clonic bursting and spreadingdepression). From a dynamic system viewpoint, the bursting represents a stable oscillatory state because it lasted infinitely. The spreading-depression-like episode, however, is the result of an unstable positive feedback loop, similar in nature to the original [K + ] o accumulation hypothesis. The main limitations of these models are 1) the absence of a more realistic ion channel composition and 2) the lack of network interaction.
These points were addressed by the incorporation of [K + ] o regulation mechanisms in standard models of cortical pyramidal cells, PYs, and fast-spiking inhibitory interneurons, INs (Bazhenov and others 2004) . In comparison to the models discussed above, these PY and IN models were of simplified morphology (Fig. 3) but had a more comprehensive set of ion channels (Bazhenov and others 2004; such that intrinsic bursting occurred for elevated [K + ] o in agreement with the experimental literature. Specifically, persistent sodium and high-threshold calcium ion channels were critical for the depolarization at the burst onset. This depolarization then caused a burst of action potentials before Ca 2+ -activated potassium current was sufficiently activated to mediate burst termination (Bazhenov and others 2004; . In this model, prolonged intense stimulation caused [K + ] o to increase. After termination of stimulation, a single PY exhibited a transient afterdischarge that was structured into two distinct consecutive phases, that is, bursting and tonic firing (Bazhenov and others 2004; Frohlich and others 2006 ). Yet, in contrast to the single-cell model, a network of PYs and INs exhibited slow state transitions between bursting and tonic firing (Fig. 4A-C) that qualitatively resembled sequences of tonic-clonic discharges during seizures (Frohlich and others 2006 1974) and more recent in vitro ionic models of tonic-clonic seizures (Jensen and Yaari 1997 Frohlich and others 2006) . This bistability found by open-loop analysis of the models explains the occurrence of transitions between tonic firing and bursting (Fig. 4D) ] o decreased until the lower endpoint of the hysteresis was reached where they were forced to switch back to tonic-firing mode and the next cycle began. In other words, although it was originally assumed that only positive feedback between [K + ] o and neural activity occurred during seizures, these modeling results show the alternating occurrence of positive (tonic firing) and negative (bursting) feedback. Thus, these slow transitions were essentially the result of slow alternations between two meta-stable states, tonic firing and bursting. The existence of this bistability and therefore the occurrence of slow state transitions was robust to changes in model parameters but depended on the high-threshold Ca 2+ conductance. Thus, the relatively detailed nature of the model permitted novel insights into the possible involvement of specific ion channel types in mediating tonic-clonic seizure dynamics. Also of note is the fact that even if a different mechanism were to provide such a bistability with hysteresis between tonic firing and burst mode, we would expect the same slow patterning of the epileptiform activity.
The different responses of the single cell and the network to a potassium transient (transient after-discharge versus sustained tonic-clonic sequences) showed that the nature of the paroxysmal-like activity crucially depended on the network interaction. (Moody and others 1974; Sypert and Ward 1974) . Slow state transitions as discovered in the network model resemble electrographic neocortical seizures that are patterned into epochs of "fast runs" (tonic discharge) and "slow bursting" (Frohlich and others 2006) . Recent computational models of neuronal networks with incorporated ion concentration dynamics were successful at providing new insights and predictions concerning cortical seizure dynamics. Therefore, we propose that such models can serve as the essential and so far neglected link between in vitro results on specific properties and in vivo results on global network dynamics. In fact, the complexity of [K + ] o dynamics is best tackled with tools derived from systems theory and computational neuroscience that have begun seeing widespread application in many other subfields of neuroscience. We therefore hope that this combined approach of experiments and computational models will eventually lead to the development of a new generation of antiepileptic drugs that specifically target the [K + ] o regulation system and therefore might be free from the current limitations of pharmacotherapy for epilepsy (Duncan and others 2006) .
Ways Forward
